finity to the skeleton (1) . In clinical practice, osteocalcin is an established biochemical marker of osteoblast activity (bone formation), and its measurement may be useful for monitoring the response to osteoporosis treatment (2) .
On the basis of experimental evidence (3, 4) , osteocalcin is believed to play a central role in regulating the cross talk between murine fuel and bone metabolism (5) . In brief, skeleton-derived total osteocalcin (TOC) and particularly uOC have been shown to promote both insulin production and sensitivity (6) , through concerted actions on the pancreatic ␤-and fat cells, respectively. The latter are thought to be mediated by adiponectin (7) , potentially implying a differential effect on the basis of gender. Recent advances suggest that a forkhead family transcription factor (8 -10 ) and the nuclear factor-B signaling (11) are key players in the regulation and mediation of these effects, respectively, at the molecular level. Remarkably, osteocalcin has also been shown to promote pancreatic ␤-cell mass accrual (12) .
The relevance of this novel skeleton/adipoinsular axis in humans is under active investigation. Both TOC and uOC were reported to be lower in patients with diabetes and inversely associated with a range of insulin resistance indices (1, 13, 14) as well as markers of dysmetabolic phenotype and adiposity (15) (16) (17) . Lower TOC and/or uOC levels were associated with the incident risk of type 2 diabetes mellitus (T2DM) (18, 19) or changes in insulin sensitivity (20) . On the other hand, these findings were not universally confirmed (21, 22) .
Osteoclast-mediated bone resorption is thought to be required to decarboxylate TOC and release the metabolically active uOC into the systemic circulation. Bisphosphonates, potent inhibitors of osteoclastic activity, do suppress bone turnover and decrease systemic uOC levels (23, 24) . Therefore, it would be plausible to assume that this decrease might have deleterious effects on energy metabolism (25, 26) . In fact, the change in uOC was inversely associated with changes in fat parameters and positively associated with a change in adiponectin in postmenopausal women treated with alendronate (27) . On the contrary, incident T2DM was found to be modestly lower in individuals treated with alendronate in a retrospective cohort study (28) , and no significant change in glucose homeostasis was documented in a post hoc analysis of three major randomized trials of antiresorptive agents (29) .
Although these findings collectively question the relevance of osteocalcin manipulation in the context of human glucose homeostasis, the clarification of its role is arguably further perplexed by study limitations, notably the confounding effect of obesity and the diagnosis/definition of T2DM, respectively. Moreover, the exploration of potential gender-specific effects (30) would further advance our understanding of the endocrine skeleton.
The prevalence of osteoporosis in England and Wales is significant (31) , and more than a million patients were prescribed a bisphosphonate in the United Kingdom during 2009 -2010 (32) . Considering the widespread use of bisphosphonates in the treatment of osteoporosis, the potential ramifications of any effect (beneficial or detrimental) on the incidence of diabetes mellitus would be important from the public health perspective as well.
To address these considerations, we performed a retrospective open cohort study to determine the risk of developing T2DM in patients prescribed bisphosphonates compared with appropriately matched controls.
Materials and Methods

Study design
This was a population-based, retrospective, open cohort study in which patients exposed to bisphosphonates were compared with age-, gender-, body mass index (BMI)-, and general practice (primary care setting)-matched controls unexposed to bisphosphonates.
Source of data
Data were derived from The Health Improvement Network database. This is a database of anonymized electronic patient records contributed by general practices (GPs) using the Vision computer system. It includes records from more than 500 UK GPs (ϳ11 million patients, of which 3 million are actively registered with their practices; http://csdmruk.cegedim.com/ourdata/our-data.shtml).
Study cohort
The study period was set from first January 1995 (study start) to December 31, 2010 (study end). The study was an open cohort, and the date at which each individual joined the cohort is called their index date. All individuals in the study cohort were required to be registered at their practice at least 1 year before entry into the study to ensure that they were not previously exposed to bisphosphonates and did not have the outcome of interest prior to entry. Their practice was also required to have been using their computer system (Vision) for at least 1 year prior to their index date and have an Acceptable Mortality Rate (AMR) date (an indicator of practice data quality) prior to their index date in order to ensure that the practice was making full use of their system and not under-recording important outcomes (33) .
Exposure
Individuals were included in the exposed cohort if they met the following criteria: 1) were aged 60ϩ years at the index date, 2) did not have a diagnosis of diabetes mellitus at the their index date, 3) had more than 1 year of treatment with a bisphosphonate (defined as one or more prescriptions for four consecutive quarters), and 4) remained at their practice at least 1 year after their index date.
The index date for each patient was the date at which the patient had at least 1 year's worth of bisphosphonate treatment. Duration of exposure was defined as the time period from the index date to the exit date or last prescription, whichever was the earliest.
Selection of controls
For each exposed patient, up to four unexposed controls were selected from patients registered in the same participating general practice. Controls were individually matched to cases on age at index date (to within 2 y) and gender; did not have a diagnosis of diabetes mellitus at their index date; were unexposed to bisphosphonates (fewer than one prescription in four successive quarters); and remained at their practice at least 1 year after their index date. Controls were also matched to BMI (to within 3 kg/m 2 if the BMI was recorded or matched to cases with missing BMI).
Follow-up
Exposed and unexposed patients were followed up (observation period) from the index date until the first of the following events (exit date): patient died; patient left practice; last data collection from practice; patient diagnosed with T2DM.
Outcome
The primary outcome was a new diagnosis of diabetes mellitus dated during the observation period. Secondary analyses were performed to detect age, gender, BMI, and medicationspecific effects. Furthermore, the association between the duration of exposure to bisphoshonates and the incidence of T2DM was explored by stratifying the exposed cohort along with their respective matched controls into quartiles according to the duration of exposure. Diagnosis of diabetes mellitus were determined by Read codes (http://systems.hscic.gov.uk/data/uktc/ readcodes) stemming from C10.
Covariates
Potential risk modifiers (confounders) were used as model covariates and were selected on the basis of biological plausibility and established epidemiological evidence relevant to the study population (34) . These covariates were the presence of hypertension, cardiovascular disease (CVD), smoking status, deprivation quintile, and oral steroid treatment. The latter was defined as one or more prescriptions for four consecutive quarters during the year preceding the index date, whereas the recording at the index date was used for all other covariates.
Statistical analysis
The cohort's covariates and matching characteristics were summarized for those exposed and unexposed to bisphosphonates using appropriate descriptive statistics. Differences between exposed and unexposed groups were investigated using 2 tests (for categorical variables) and t tests or the Mann-Whitney U test for continuous variables.
We compared the incidence rate of T2DM between those exposed and unexposed. There is potential for immortal time bias (35) because exposed patients had to survive at least four quarters to be classified as exposed, whereas unexposed patients did not. To protect against immortal time bias, exposed patients were classified as exposed from the date of 1 year of usage and unexposed were matched on this date so start of follow-up is the same for both exposed and unexposed. To accommodate the clustered nature of the data, incident rate ratios were estimated using generalized linear mixed models (Poisson model with log link) with a random effect for GP practice and adjusting for patient level covariates (age, gender, BMI, presence of hypertension, smoking status, deprivation quintile, steroid treatment), offset by the person-years of exposure to determine whether the exposure to bisphosphonates was associated with development of T2DM after adjusting for other important prognostic factors. These analyses were repeated in a number of subgroups (males and females; BMI Ն 25 kg/m 2 and BMI Ͻ 25 kg/m 2 ; steroid user and nonsteroid user). We also undertook an analysis to study the impact of the duration of treatment and the compound-specific effect on the incidence of T2DM.
To investigate whether undetected biases might have distorted the results, the procedure was repeated, following the same steps but using chronic obstructive pulmonary disease instead of T2DM as the main outcome and controlling for age, gender, smoking, and deprivation quintile.
All model assumptions were checked and statistical significance level was set at P ϭ .05. Missing data were minimal and therefore were treated as missing categories [for BMI and deprivation index (Townsend Index)] in our analysis rather than data being excluded. All analyses were implemented in Stata 13.0.
Results
Cohort characteristics
Over the 16-year-long observation period, 162 447 individuals who met the selection criteria were identified. Of these, 35 998 subjects (22.2%) were exposed to bisphosphonates, whereas 126 459 subjects were unexposed and served as age-, gender-, BMI-, and GP-matched controls. The median follow-up period was approximately 42 months for the exposed group, which included more steroid users (16%) compared with controls (Ͻ1%). No difference was observed between groups in terms of prevalence of hypertension. Descriptive characteristics by exposure group are detailed in Table 1 . In total, 6802 cases with newly diagnosed diabetes mellitus (956 from the exposed and 5846 from the matched control group) were recorded.
Risk of incident diabetes mellitus
The crude event rates were 6.55 and 12.16 per 1000 person-years for exposed patients and controls, respectively. After covariate adjustment, the risk of incident diabetes mellitus was significantly lower in patients exposed to bisphosphonates compared with matched controls [adjusted incidence rate ratio (aIRR) 0.52, 95% confidence interval (CI) 0.48 -0.56, P Ͻ .0001, Table 2 ]. Our validation method using chronic obstructive pulmonary disease as an outcome did not show a significant association (aIRR 0.99; 95% CI 0.93-1.06).
Gender-specific effects
Female patients exposed to bisphosphonates were found to be 50% less likely to develop diabetes mellitus compared with female controls (aIRR 0.49, 95% CI 0.45-0.53, P Ͻ .0001, Table 2 ). Similarly, the difference in the risk of incident diabetes mellitus between male patients exposed and unexposed to bisphosphonates was significant, but the effect size was lower (aIRR 0.71, 95% CI 0. 0.59 -0.85, P Ͻ .0001, Table 2 ).
Subgroup analyses
In overweight and obese subjects, the risk of incident T2DM was lower in those exposed to bisphosphonates compared with controls (aIRR 0.54, 95% CI 0.50 -0.59, P Ͻ .0001, Table 2 ). An effect of similar magnitude and direction was also noted in lean subjects (aIRR 0.44, 95% CI 0.38 -0.52, P Ͻ .0001, Table 2 ). The effect of bisphosphonates on the risk of incident T2DM was also similar in those exposed and unexposed to glucocorticoid treatment (aIRR 0.47, 95% CI 0.34 -0.64, P ϭ .001, and aIRR 0.52, 95% CI 0.48 -0.56, P Ͻ .0001, respectively, Table 2 ).
Compound-specific vs class effect
The risk of incident T2DM was significantly lower in those exposed to bisphosphonates compared with controls, independent of the specific agent used [alendronate, risedronate, etidronate, and other categories (zoledronate, ibandronate)]. The compound-specific outcomes, suggestive of a class effect, are summarized in Table 3 .
Duration of exposure
The results of investigating the association between the duration of exposure (in quartiles) and the risk of incident diabetes mellitus are summarized in Table 4 . In general, a consistent decrease in the risk of incident T2DM is noted as the years of exposure accumulate. In other words, the greater the duration of exposure, the lower the chance of developing diabetes mellitus. Interestingly, the risk of incident T2DM in the first quartile (1-2.52 y) was significantly higher in those exposed to bisphosphonates compared with the controls. In contrast, this risk was significantly lower in the exposed cohort in the subsequent quartiles.
Discussion
On the basis of the above epidemiological evidence from a large-scale, population-based study with an adequate follow-up period, careful matching, and covariate adjustment, we observed that patients exposed to bisphosphonates showed a significant 50% lower risk of developing diabetes mellitus compared with matched controls. Moreover, this effect was shown to be independent of gender, BMI, glucocorticoid use, and specific compound, yet it might be related to the duration of exposure.
Other studies have investigated this relationship (28, 29) . The first study to report the risk of incident T2DM in patients under osteoporosis medications suggested that alendronate, etidronate, and raloxifene use were associated with a lower risk of T2DM (28) . However, these results were limited by being based solely on hospital discharge records and by the analysis, which was not controlled for obesity, and other potential important confounders. A post hoc analysis using data from three randomized controlled trials with antiresorptives (alendronate, denosumab, zoledronic acid) neither confirm the above risk reduction nor revealed an excess risk of incident diabetes (29) . However, this study was again limited by the method used for outcome (T2DM) ascertainment (adverse event reports).
The magnitude of this effect (50% lower risk), the validation procedure, and the data source mean that these findings are unlikely to be due to confounding or other study biases. However, study limitations and other plausible explanations should be considered. In specific, the theoretical possibility of differentially increased weight gain in cohort groups or that of misclassifying patients with type 1 diabetes mellitus as T2DM and the potential effects of concomitant medications (such as ␤-blockers, statins, vitamin D supplementation, hormone replacement therapy) should be noted. More importantly, the suboptimal persistence with osteoporosis medications (36) and the intensity of exposure (dose related effects) were not captured in the present study design, and thus, relevant secondary analyses were not performed. We also were not able to include all important confounders such as family history of diabetes due to suboptimal documentation in the medical records.
Taking the above into consideration, it might be intriguing to suggest alternative hypotheses regarding the effect of bisphosphonates on the risk of incident T2DM. This effect may be explained by a favorable change in the uOC to TOC ratio, induced by long-term exposure to bisphosphonates, and promoting insulin sensitivity. This assumption was investigated in a subset of postmenopausal osteoporotic women under treatment with alendronate for 3 months (27) . This study showed that both uOC and TOC were decreased after the 3-month alendronate treatment and that the uOC to TOC ratio remained stable. However, the study sample size was small and the duration of treatment was short. Thus, we could speculate that bisphosphonates induce a short-term decrease in insulin sensitivity, followed by a compensatory increase, possibly mediated by corresponding changes in uOC to TOC ratio. Ultimately, a relatively higher decrease in TOC (compared with uOC), which would favor insulin sensitivity, might occur after a longer exposure to alendronate treatment. This would explain the brief increase in the risk of incident T2DM (1-2.5 y), followed by a sus- tained decrease as the years of exposure accumulate. On the other hand, it should be noted that the observed increase in the risk of T2DM at the initial stage (1-2.5 y) might be the result of the increased number of contacts with the primary care setting (the chance of getting a health check including an assessment and testing for diabetes) for those diagnosed with osteoporosis and prescribed the medication as compared with the controls.
Alternative speculations regarding the effect of bisphosphonates on the risk of T2DM might also include the bisphosphonate-induced disruption of prenylation of small-molecular-mass G proteins (37) , the reduction of the proinflammatory cytokines (IL-1 and IL-6) (38) or the presence of functional mutations in the receptor of gastric inhibitory polypeptide (39) .
In summary, exposure to bisphosphonates may be associated with a significant reduction in the risk of incident T2DM and this class effect seems to be more pronounced in women. Considering the significant prevalence of osteoporosis and the widespread bisphosphonate use, the effect bisphosphonates might have on the risk of incident T2DM could be important at the population level and might constitute a major pharmacovigilance issue. Thus, this finding should be further investigated using both clinical and preclinical study designs. Although potential biases and other explanations for these findings must be investigated, evidence of a potential association between bisphosphonates and risk of diabetes mellitus would also provide an indirect confirmation of bone-energy axis in humans.
